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We purified and sequenced infectious hypodermal and hematopoietic necrosis virus (IHHNV), a small DNA virus of shrimp,
from wild Penaeus stylirostris. The virion has a buoyant density of 1.45 as determined by cesium chloride gradient. Analysis
of 3873 nucleotides of the viral genome revealed three large open reading frames (ORFs) and parts of the noncoding termini
of the viral genome. The left, mid, and right ORFs on the complementary (plus) strand have potential coding capacities of 666
amino acids (aa) (75.77 kDa), 363 aa (42.11 kDa), and 329 aa (37.48 kDa), respectively. The overall genomic organization is
similar to that of the mosquito brevidensoviruses. The left ORF most likely encodes the major nonstructural (NS) protein
(NS-1) since it contains conserved replication initiator motifs and NTP-binding and helicase domains similar to those in NS-1
from all other parvoviruses. The IHHNV putative NS-1 shares the highest aa sequence homology with the NS-1 of mosquito
brevidensoviruses, Aedes densovirus and Aedes albopictus parvovirus. A search for putative splicing sites revealed that the
N-terminal region of NS-1 is very likely located in a small ORF upstream of the left ORF. The right ORF is presumed to encode
structural polypeptides (VPs), as in other parvoviruses. Two putative promoters, located upstream of the left and right ORFs,
are presumed to regulate expression of NS and VP genes, respectively. Thus, IHHNV is closely related to densoviruses of
the genus Brevidensovirus in the family Parvoviridae, and we therefore propose to rename this virus Penaeus stylirostris
densovirus (PstDNV). © 2000 Academic Press
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DINTRODUCTION
Infectious hypodermal and hematopoietic necrosis vi-
rus (IHHNV) is a small DNA virus that commonly infects
farmed and wild populations of shrimp (Lightner et al.,
1983a). Cowdry type A nuclear inclusion bodies can be
observed on histologic examination of multiple organs of
ectodermal and mesodermal origin, but not in the midgut
(Lightner et al., 1983b). Based on physicochemical and
ultrastructural properties of the virions and partial char-
acterization of viral proteins, IHHNV was tentatively as-
signed to the Parvoviridae family (Bonami et al., 1990;
Mari et al., 1993). However, the sequence analysis and
genomic organization of neither IHHNV nor hepatopan-
creatic parvo-like virus (HPV) (Mari et al., 1995), another
small DNA shrimp virus, have been previously reported.
Parvoviruses (family Parvoviridae) are small icosahe-
dral, nonenveloped particles of 18–26 nm in diameter
1 This work was presented in part at the 8th Parvovirus Workshop in
ont Tremblant, Quebec, Canada, June 28 to July 2, 2000, and at the
9th American Society of Virology Meeting in Fort Collins, Colorado,
uly 8–12, 2000.
2 To whom correspondence and reprint requests should be ad-
dressed at Department of Pediatrics, School of Medicine, University ofl
(
California, San Diego, 9500 Gilman Drive, La Jolla, CA 92093-0830. Fax:
(619) 543-3546. E-mail: jcburns@ucsd.edu.
167containing a single-stranded, linear DNA ranging from
3900 to 5900 nucleotides (nt) (Berns et al., 1995). The 59
and 39 ends of the parvoviral genome contain short
palindromic sequences that are capable of forming hair-
pin structures and serve as cis-acting sequences nec-
essary for replication and encapsidation of the viral ge-
nome (Tattersall and Ward, 1976; Samulski et al., 1983;
Astell et al., 1985). From only two overlapping genes,
parvoviruses generate two sets of structurally related but
biologically distinct polypeptides, the nonstructural (NS)
and the viral capsid (VP) polypeptides. The family Parvo-
viridae includes two subfamilies, Parvovirinae, members
of which infect vertebrates, and Densovirinae, members
of which infect invertebrates, mainly insects.
Densoviruses (DNVs), referring to members of the
subfamily Densovirinae, are usually highly pathogenic to
heir hosts and cause diseases known as “densonucle-
ses” (Vago et al., 1964). The term “densonucleosis” re-
ers to histopathological and ultrastructural characteris-
ics of hypertrophied and densely stained nuclei of sen-
itive cells in infected larvae. Based on the structure and
rganization of their genome, DNVs are currently
rouped into three genera. Members of the genus
ensovirus, with the Junonia coenia and Galleria mel-onella DNVs (JcDNV and GmDNV) as representatives
Dumas et al., 1992; Tijssen, 1994), have a 6-kb genome,
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168 SHIKE ET AL.coding sequences on each strand (ambisense genome),
and large (.0.5 kb) inverted repeats at each extremity.
Members of the genus Iteravirus, as exemplified by the
Bombyx mori DNV-1 (BmDNV-1), possess a 5.2-kb ge-
nome, have coding sequences located on one strand,
and contain inverted terminal repeats of about 200 nt
(Bando et al., 1987, 1990). The third genus, Brevidenso-
virus, includes two mosquito DNVs isolated from Aedes
aegypti and Aedes albopictus (AaeDNV and AalDNV).
The genome of Brevidensovirus is only 4 kb, the coding
sequences are located on the same strand, and it has a
unique primary DNA sequence at each extremity (Afa-
nasiev et al., 1991; Boublik et al., 1994).
We report here 3873 nt of the IHHNV genome. The
organization of the genome and the amino acid (aa)
sequence similarity demonstrate that IHHNV is a bona
fide member of the Densovirinae subfamily and is most
closely related to the genus Brevidensovirus. Thus, IH-
HNV is the first example of a DNV with a host range
outside the class Insecta.
RESULTS AND DISCUSSION
IHHNV detection, purification, and determination of
buoyant density
The expected 1682-bp polymerase chain reaction
(PCR) product was amplified from wild-caught shrimp
DNA with diagnostic primers specific for IHHNV (data
not shown), thus confirming the IHHNV infection. This
fragment was cloned into the pCR2.1-TOPO vector to
generate pCR1.6 plasmid.
FIG. 1. (A) Quantitation of IHHNV genome in the 12 gradient fracti
Fractions are numbered from the bottom of the gradient. (B) Determina
the results from gradients derived from isopycnic ultracentrifugation oTo further characterize the viral genome, IHHNV viri-
ons were purified from the shrimp homogenate as de-
p
2scribed under Materials and Methods. Briefly, following
isopycnic centrifugation in cesium chloride (CsCl), 2- to
2.5-ml fractions were screened by quantitative PCR.
Fraction 3 contained the largest number of viral ge-
nomes, equivalent to 2.7 3 105 copies of pPCR1.6 plas-
mid (Fig. 1A). From this result, we estimated that 1 g of
homogenized shrimp tissue contained approximately
6 3 108 single-stranded viral genome equivalents. The
density of fraction 3 estimated by its refractive index was
1.458 g/cm3. Since contaminants from the original shrimp
homogenate might have influenced the refractometer
reading, we repeated the CsCl centrifugation of the viri-
ons by mixing 500-ml aliquots of fraction 3 with 40 and
1% (w/w) CsCl and subjecting the two tubes to isopyc-
ic centrifugation. Thirty-four fractions were collected
rom each gradient (approximately 1 ml/fraction) and the
ensity and copy number of viral genomes were deter-
ined for each fraction. As shown in Fig. 1B, the maxi-
um number of viral particles was recovered from frac-
ions with a density of approximately 1.45 in both gradi-
nts. This value is higher than the previously reported
uoyant density of 1.40 g/cm3 for IHHNV (Bonami et al.,
990). The technique or buffer systems used to measure
he buoyant density may account for these differences
Hoggan, 1971; Tijssen et al., 1976).
ucleotide sequence of IHHNV
Initially, the 1682-bp viral insert of plasmid pPCR1.6
as sequenced. Then, the sequences flanking this re-
ion were amplified by inverse PCR using the series of
rived from a 38.4% (w/w) CsCl solution isopycnic ultracentrifugation.
the buoyant density of IHHNV virions. Diamonds and squares indicate
d 41% (w/w) solutions of CsCl, respectively.ons derimers listed in Table 1 and by the method shown in Fig.
. A total of 3873 bp of sequence was obtained from the
169IHHNV OF SHRIMP IS RELATED TO MOSQUITO BREVIDENSOVIRUSESoverlapping clones representing the IHHNV genome as
shown in Fig. 3 (GenBank Accession No. AF273215). The
sequence is presented according to the convention for
parvovirus genomes (Armentrout et al., 1978) and starts
with the 59 end of the sequence complementary to the
viral (minus) strand.
The base composition of the viral strand of the IHHNV
genome is 20.68% A, 19.00% C, 24.04% G, and 36.28% T.
Thus, the A1T content is 56.96% and the G1C content is
43.04%. The viral strand of the IHHNV genome has a high
thymidine content, similar to the mosquito brevidensovi-
TABLE 1
IHHNV Primers
Primer
name
Orientation and
location of primer-
binding site Primer sequence (59-39)
86F R, 3688–3664 CAATAGAAGAAAAGTGTCCCACCAT
136R F, 3638–3656 CAAGGTGGGACTCCGGCTA
1011F R, 2765–2742 TGGGAGGCAGTATAAATTTTTTCC
1148R F, 2610–2628 GAACACGCCGAAGGATCAA
1641F R, 2137–2112 TCTTGTTACTAGGCCAGTGTTCAGTT
2199R F, 1656–1678 CTACTACAAGAGCAGACCGCGCT
2716F R, 1139–1119 CATTGCTTCCATGATCGCTTT
3250F R, 610–588 GTCCTTGGCCATATTTTCTGTCC
Note. Orientation of primers: F, forward; R, reverse. Primer-binding
sites are numbered using the coding (plus) strand (Fig. 3).ruses (AalDNV, 40.7% T; and AaeDNV, 41.3% T) (Boublik et
al., 1994; Afanasiev et al., 1991).
amplified with different primer pairs. The double vertical lines indicate ligation
sites for PCR and inverse PCR.Potential coding domains
As shown in Fig. 4, a computer-assisted analysis of
the IHHNV genome revealed three large potential coding
domains spanning 2988 nt on the plus strand: a left ORF
of 2001 nt, a mid ORF of 1092 nt, and a right ORF of 990
nt. The mid and the right ORFs are in the same reading
frame. The left ORF is in a different reading frame and
includes the entire mid ORF. A small potential coding
domain of 714 nt is present on the minus strand (22
frame, Fig. 4). The overall organization and size of the
coding sequences of the IHHNV genome are very similar
to those described for the AaeDNV and AalDNV ge-
nomes (Boublik et al., 1994; Afanasiev et al., 1991), the
two representatives of the genus Brevidensovirus. In
contrast, the IHHNV genome clearly differs from that of
the JcDNV genome, for which large potential coding
domains are located on both strands (Dumas et al.,
1992).
Left ORF
The left ORF (Figs. 3 and 4) starts at nt 313 and
terminates with a TAA codon at nt 2596. The first in-frame
ATG codon at position 599 matches 5 of the 7 nt of the
consensus sequence (A/GCCAUGG) for initiation of eu-
karyotic protein translation (Kozak, 1986). Assuming that
this ATG codon is functional, the left ORF would encode
a primary translation product of 666 aa, corresponding to
a molecular mass of 75.77 kDa.BLAST 2 search of this predicted 666-aa gene product
revealed the highest homology with putative major non-FIG. 2. Inverse PCR and strategy for sequencing the IHHNV genome. The scale of the genomic DNA is represented in base pairs on the top line.
The restriction map is presented in the second line (A, AvrII; B, BglII; D, DraI; E, EcoRI; N, NcoI; P, PstI; S, StuI). PCR1.6 is the amplicon derived from
commercially available diagnostic primers for IHHNV. IVS0.6, IVS1.4, IVS2.4, and IVS0.9 are inverse PCR products from the circularized IHHNV genomesites. Arrowheads depict the location and orientation of primer-binding
170 SHIKE ET AL.FIG. 3. Nucleotide sequence of the IHHNV genome. Amino acid sequence of putative polypeptides corresponding to major ORFs is shown under
the sequence in two possible reading frames, a and b (frame a 5 frame 3 and frame b 5 frame 2 in Fig. 4). Putative transcription regulation signals
(TATA box, transcription start, and transcription end) are overlined. Putative donor (D1) and acceptor (A1, A2, and A3) splicing sites are indicated by
arrowheads. Direct repeats and short palindromes in the 59 and 39 termini are indicated by overhead arrows.
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171IHHNV OF SHRIMP IS RELATED TO MOSQUITO BREVIDENSOVIRUSESstructural protein NS-1 of the two mosquito brevidenso-
viruses. A stretch of 613 aa (position 51–663) aligns and
shares 28.2% identity with the NS-1 protein of AalDNV
FIG. 4. Organization of coding sequences on the plus (frames 1, 2, an
FIG. 3odons are indicated by half bars and stop codons are indicated by full bars.
ites (see Fig. 3).(GenBank Accession No. X74945) and a stretch of 612 aa
(position 14–625) aligns and shares 27.5% identity with
the NS-1 protein of AaeDNV (GenBank Accession No.
d minus (frames 21, 22, and 23) strands of the IHHNV genome. ATG
inuedd 3) an
D1, A1, A2, and A3 refer to putative donor (D) and acceptor (A) splicing
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172 SHIKE ET AL.M37899). Two regions within this sequence contain
highly conserved motifs. One, located between aa 258
and 315, contains the highly conserved replication initi-
ator motifs common to all parvoviruses (Koonin and
Ilyina, 1993; Nuesch et al., 1995; Bergoin and Tijssen,
1998) (Fig. 5A). These motifs are involved in initiation and
termination of rolling circle replication. The other, near
the C-terminal end (aa position 485–577), contains a
stretch of conserved aa sequence characteristic of the
NTP-binding and helicase domains of the NS-1 polypep-
tide shared by all parvoviruses (Iversen and Rhode, 1990;
Anton and Lane, 1986; Afanasiev et al., 1991; Boublik et
l., 1994) (Fig. 5B). Based on these sequence similarities,
e speculate that the left ORF of IHHNV encodes the
ajor NS-1 polypeptide. In vertebrate parvoviruses, NS-1
s known to have pleiotropic functions, including an es-
FIG. 5. (A) Replication initiator motifs I and II in IHHNV and other
NTP-binding and helicase domains A, B, and C are also present in the le
for each viral protein shown in the figure. GenBank accession number
and are conserved either in all aligned sequences (uppercase) or in
hydrophobic residues (M, V, L, F, Y, I, V, W) and a dot represents any re
of insect and vertebrate parvoviruses shows IHHNV to be most closeential role in parvoviral DNA replication (Tratshin et al.,
984; Hermonat et al., 1984). NS-1 was found to becovalently bound to the 59 termini of viral DNA (Cotmore
and Tattersall, 1988) and to influence DNA packaging in
vertebrate parvoviruses (Cotmore and Tattersall, 1989).
NS-1 also enhances capsid gene expression (Rhode,
1985) and is responsible for cytotoxic activity, oncolysis,
and induction of apoptosis (Cotmore and Tattersall, 1987;
Vanacker and Rommelaere, 1995; Sol et al., 1999). The
position of the highly conserved aa sequences in NS-1
homologs varies significantly among parvoviruses. In
vertebrate parvoviruses, the replication initiator motifs
are located in the first third of the NS-1, whereas the
NTP-binding and helicase domains occupy a central
position. In the genus Densovirus, these motifs are lo-
cated in the first third and the C-terminal sequence of
NS-1, respectively (Bergoin and Tijssen, 1998). Interest-
ingly, the two conserved motifs in the NS-1 polypeptide
iruses. (B) Region of NS-1 with highly conserved 119-aa sequence.
of IHHNV. Numbers in parentheses indicate the position of sequences
hown in brackets. Consensus aa residues are shown in boldface type
me aligned sequences (lowercase). An ampersand represents bulky
(C) Phylogenic tree based on the 119-aa region shown in B. Alignment
d to the mosquito brevidensoviruses.parvov
ft ORF
s are s
only soare located at about the same distance from one another
in IHHNV and AalDNV.
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173IHHNV OF SHRIMP IS RELATED TO MOSQUITO BREVIDENSOVIRUSESA phylogenetic tree (MegAlign, DNA STAR) based on
the 119-aa conserved region (Fig. 5B) indicates that IH-
HNV is more closely related to the mosquito brevidenso-
viruses than to the other insect parvoviruses or verte-
brate parvoviruses (Fig. 5C). A phylogenetic tree based
on the NS-1 conserved region of BmDNV, minute virus of
mice (MVM), parvovirus B19, and adeno-associated vi-
rus-2 (AAV-2) showed a similar branching order for the
parvoviruses and their hosts, suggesting a host-depen-
dent evolution of parvoviruses (Bando et al., 1987). Our
analysis revealed 33–35% aa identity of this region be-
tween IHHNV and the two mosquito brevidensoviruses
(AalDNV and AaeDNV) but only 17–19% identity between
the two mosquito brevidensoviruses and two lepidop-
teran densoviruses (JcDNV and BmDNV). It is very sur-
prising that the mosquito brevidensoviruses are more
closely related to IHHNV from shrimp than to the lepi-
dopteran densoviruses, despite the fact that the Crusta-
cea and Insecta diverged over 500 million years ago.
Whether or not this reflects horizontal transmission of
densoviruses among invertebrate hosts remains to be
determined.
Mid ORF
The mid ORF starts at nt 534 (221 nt downstream from
the beginning of the left ORF) and terminates with a TAG
codon at nt 1631 (965 nt upstream of the termination
codon of the left ORF) (Figs. 3 and 4). Thus, the mid ORF
is located entirely within the left ORF but in a different
reading frame. The first in-frame ATG codon of the mid
ORF is located at position 543, i.e., 56 nt upstream of the
first in-frame ATG codon of the left ORF. In contrast, in the
mosquito brevidensoviruses, the first in-frame ATG
codon of the mid ORF is located downstream of the first
ATG codon of the left ORF. Assuming that this ATG codon,
which matches 4 of the 7 nt in the Kozak consensus
sequence, acts as a translation initiation codon, then the
coding sequence of the mid ORF would encode a protein
of 363 aa with a molecular mass of 42.11 kDa. No simi-
larity could be detected between the predicted gene
product of the mid ORF and entries in the protein data-
bases. Thus, the potential function of this protein is
unknown. However, as speculated for the brevidensovi-
ruses, and more generally with other parvoviruses, the
mid ORF may encode the nonstructural protein, NS-2,
whose function is unknown.
Right ORF
The right ORF, which is in the same reading frame as
the mid ORF, starts at nt 2535, i.e., 62 nt before the stop
codon of the left ORF, and terminates with the TAA codon
at nt 3527 (Figs. 3 and 4). Thus, the left and the right
ORFs overlap in their 39 and 59 extremities, respectively.
The first in-frame ATG codon at position 2541 matches 6
of the 7 nt in the Kozak consensus sequence. The right
d
iORF could encode a protein of 329 aa with a molecular
mass of 37.48 kDa. The right ORF contains 13 additional
methionine codons.
By analogy to other parvoviruses, the right ORF of
IHHNV is presumed to encode the capsid proteins. Com-
puter analysis failed to reveal any significant homology
between the aa sequence of the IHHNV right ORF and
database entries. This is not surprising given the lack of
homology in capsid proteins among the different denso-
viruses. For example, the VP gene of JcDNV shares no
significant homology at either the nt or the aa level with
the corresponding region of the BmDNV or AaeDNV
genomes (Dumas et al., 1992). The only homology be-
tween IHHNV and the mosquito brevidensoviruses in the
right ORF is found in the very N-terminal sequence,
MCADST for IHHNV (Fig. 3) and MADST for both AalDNV
and AaeDNV (Boublik et al., 1994; Afanasiev et al., 1991).
Despite the lack of clear homology, two stretches of aa
esidues within the IHHNV right ORF correspond in both
a composition and location to two highly conserved
egions of parvovirus structural polypeptides. The first
otif, DAHNEDEEHAE (aa 17–27), located in the N-ter-
inal region is highly reminiscent of the phospholipase
2 (PLA2) catalytic site discovered by Tijssen and co-
orkers in the C-terminal end of the PGY motif of verte-
rate and invertebrate parvovirus VP1 polypeptides (see
a´dori et al., 1999; Bergoin and Tijssen, 1998, 2000).
imilarly, the SGGTS sequence (aa 133–137) located
ownstream of the eighth methionine corresponds to the
-S/T-rich motif present at the N-terminal region of the
mallest structural polypeptide in both vertebrate and
nvertebrate parvoviruses (Tijssen and Bergoin, 1995,
000).
According to a previous report, the IHHNV genome
as estimated to be 4.1 kb and the virions were reported
o contain four structural proteins: VP1, 74 kDa; VP2, 47
Da; VP3, 39 kDa; and VP4, 37.5 kDa (Bonami et al.,
990). This proposed polypeptide composition of the
HHNV capsid is not compatible with the estimated ge-
ome size or with the similarity of IHHNV to other brevi-
ensoviruses. The right ORFs of AaeDNV and AalDNV,
ith potential coding capacities of 358 and 355 aa, re-
pectively, encode only two or three structural polypep-
ides (Afanasiev et al., 1991; Boublik et al., 1994). In
ddition, the size of these polypeptides, ranging from 38
o 53 kDa, agrees with the coding capacities of this ORF.
he IHHNV right ORF, with a coding capacity of only 329
a and a predicted molecular mass of 37.48 kDa, could
ncode only the smallest reported structural protein of
HHNV, VP4. An insufficient amount of viral protein in our
hrimp samples and the unavailability of antibodies
gainst viral structural proteins precluded our ability to
nalyze the polypeptide composition. Attempts to pro-
uce empty capsids by expressing the right ORF product
n a baculovirus expression system are in progress.
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174 SHIKE ET AL.Minus ORF
The largest ORF on the minus strand (frame 22; Fig. 4)
contains 235 codons, starts at nt 1726, and terminates
with a TGA codon at nt 1022. However, the first putative
translation initiation codon is at nt 1423, which would
result in a potential coding capacity of only 134 aa with a
predicted molecular mass of 14.4 kDa. A minus ORF has
been also reported in AaeDNV and BmDNV, but whether
it encodes any protein remains unknown (Boublik et al.,
1994). It seems unlikely that this small minus ORF is
functional, although the possibility of splicing to create a
larger coding sequence cannot be excluded.
Potential promoter and transcriptional control signals
A computer search for putative transcription regulatory
sequences upstream and downstream from the left, mid,
and right ORFs revealed several potential promoters and
polyadenylation signals. The PPNN program indicated a
high score (0.99) for the first putative TATA box at nucle-
otide 69 (TATATAA; Fig. 3) upstream of the left ORF. An
ppropriately positioned upstream GC-rich region (GC-
AGCGC, nt 23–30) could act as an activator element. A
anonical downstream CAGTTT (nt 100–105) transcrip-
ion start signal is also present. Thus, this region is likely
o be a functional promoter. Because it is located near
ap unit 2, we have tentatively named this promoter “P2.”
Several TATA-like elements are present within the cod-
ng sequence of the left ORF but because they are
ocated far from the 59 end of the right ORF, none of them
s likely to be functional. The PPNN program revealed a
igh score (0.96) promoter sequence between nt 2398
nd nt 2448, i.e., about 100 nt upstream of the 59 end of
the right ORF. Although this sequence does not contain a
typical TATA box element, its location fits well with a
cis-acting transcriptional element.
Six AATAAA sequences corresponding to potential
cleavage and polyadenylation sites for messenger RNAs
are present in the IHHNV sequence. The first, at position
1052, is located 580 nt upstream from the mid ORF stop
codon and is therefore unlikely to be functional. The
second, at position 1769, is 137 nt downstream from the
mid ORF stop codon and could be functional based on its
location. However, it lacks a downstream consensus G/T
cluster and CAYTG sequence necessary to fulfill the
criteria for eukaryotic transcription terminators (Birnstiel
et al., 1985). The next three AATAAA sequences, at nt
positions 2041, 2410, and 3257, are unfavorably located.
The last AATAAA site at position 3577, i.e., 49 nt down-
stream of the 39 end of the right ORF, is the only one that
is located close to both an almost canonical CAYTG
sequence (CATGG and CACTT at positions 3663 and
3673, respectively) and a downstream G/T-rich sequence
(GGTGGG, nt 3641–3646). Consequently, this region ap-
pears to be the most likely polyadenylation site for IH-
HNV messenger RNA.
T
rPotential splicing sites
Using the Genie software for splice site detection, we
found a putative 59 donor site D1 (score 0.95) at nt 287
(TACAAAT/GTAAGTA, nt 281–294) and three putative ac-
ceptor sites: A1 (score 0.94) at nt 423 (CCTTTCAG/AC-
GACATA, nt 415–430), A2 (score 0.87) at nt 489 (CT-
TCATAG/GGAACAGA, nt 481–496), and A3 (score 0.96) at
nt 720 (ACCCCAG/GTCCAAAT, nt 713–727) (Fig. 3). Sev-
eral arguments are in favor of D1–A1 splicing: (1) it
brings the putative P2 promoter closer to the ATG initia-
tion codon of the left ORF; (2) it changes the first in-frame
ATG codon of the left ORF to position 158, upstream of
the initiation codon of the mid ORF, a situation prevailing
in all other densoviruses; and (3) it increases the size of
the left ORF gene product (NS-1) to a size similar to that
of other densoviruses, in particular, brevidensoviruses
(850 and 819 aa residues for AaeDNV and AalDNV, re-
spectively). In the event of splicing, the predicted size of
NS-1 would be as follows: D1–A1 splicing, 769 aa (87.6
kDa); D1–A2 splicing, 746 aa (85.0 kDa); and D1–A3
splicing, 670 aa (76.2 kDa).
Analysis of the 39 and 59 terminal noncoding
sequences
The noncoding region of the 39 extremity of the viral
(minus) strand sequenced thus far does not exceed 100
nt, if one assumes that our prediction of the position of
the promoter, P2, is correct. In contrast, the noncoding
sequence at the 59 extremity of this strand is 343 nt long.
Both extremities contain almost identical, short palin-
dromic sequences capable of forming hairpin-like struc-
tures by base pairing, a feature shared by all parvovi-
ruses studied so far (Astell, 1990). However, computer
analysis failed to generate typical Y- or T-shaped arms or
long hairpin structures similar to those found at the
extremities of densoviruses (Bergoin and Tijssen, 2000).
This clearly indicates that the terminal sequences we
have obtained so far are not yet complete, since the
terminal hairpins that play an essential role as primers
for DNA replication are features of all parvoviruses (As-
tell, 1990). Considering the length of terminal hairpins in
densoviruses, which range from 100 to 160 nt (Bergoin
and Tijssen, 2000), and the estimated size of 4.1 kb for
the complete IHHNV genome (Bonami et al., 1990), we
are still lacking approximately 110–130 nt at each extrem-
ity. Our inability to obtain longer palindromes may be due
to the well-known instability of cloned parvoviral terminal
sequences in bacteria (Astell, 1990). The 59 terminal
region of the IHHNV genome also contains two direct
repeats of 25 nt (Fig. 3). Such 59 terminal repeats have
been found in the genome of AalDNV (Boublik et al.,
994), AaeDNV (Afanasiev et al., 1991), JcDNV (Dumas et
l., 1992), and rodent group parvoviruses (Cotmore and
attersall, 1987). Analysis of the IHHNV genome failed to
eveal any significant sequence complementarity be-
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175IHHNV OF SHRIMP IS RELATED TO MOSQUITO BREVIDENSOVIRUSEStween the 59 and the 39 extremities that would qualify as
an inverted terminal repeat. In this respect, it resembles
the genome of brevidensoviruses and most autonomous
vertebrate parvoviruses whose 59 and 39 terminal se-
quences are not complementary (Astell, 1990; Bergoin
and Tijssen, 2000).
Variation of IHHNV
IHHNV was originally reported as a highly lethal dis-
ease of juvenile P. stylirostris (mortality rates of 90%),
with impaired growth and cuticle deformities (Lightner et
al., 1983a; Kalagayan et al., 1991). However, an epidemi-
logical study in 1998 in the northern Gulf of California
sed histopathology, PCR, and dot blot to demonstrate
HHNV in 60–100% of wild P. stylirostris that had no
pparent symptoms (Morales-Covarrubias et al., 1999).
he IHHNV sequence presented here was obtained from
irions infecting wild P. stylirostris collected from the
ame region of the Gulf of California in the same year.
he animals sampled for this study appeared normal,
lthough they contained 6 3 108 single-stranded ge-
ome equivalents per gram of tissue. It is not known
hether the reduced virulence is due to mutations in the
iral genome, introduction of a new, less virulent strain,
r increased resistance of the host. Sequence compari-
on of pathogenic and nonpathogenic strains of Aleutian
ink disease parvovirus revealed only five amino acid
ifferences in the VP-2 gene (Fox et al., 1999). Similarly,
nly five amino acid mutations in the VP-2 polypeptide
re sufficient to transform the nonpathogenic NADL-2
train of porcine parvovirus into the pathogenic Kresse
train (Tijssen et al., 1995). It will be instructive to com-
are our sequence with sequences of IHHNV derived
rom shrimp suffering from lethal infection to identify
eterminants of viral virulence.
Recently, an IHHNV sequence was deposited as a
omplete viral genomic sequence in GenBank (Acces-
ion No. AF218266, deposited 1999). It contains notable
ifferences from the sequence presented in this paper. It
acks terminal hairpin structures but contains 77-nt ter-
inal repeats (position 1–77 and 3999–4075), 165-nt di-
ect tandem repeats in the 59 noncoding region (position
64–528 and 529–693), and multiple single-nucleotide
ubstitutions distributed throughout the genome. Six of
hese substitutions located in the left ORF lead to six aa
hanges in the NS-1 protein, whereas three of the sub-
titutions located in the right ORF induce three aa
hanges in structural polypeptides. Whether or not these
ubstitutions reflect differences in pathogenicity of the
wo isolates is not known. To address this question we
re currently cloning and sequencing the genome of a
ighly pathogenic strain of IHHNV isolated from infected
. stylirostris collected in 1996 in Equador.We present here the first complete coding sequence of
crustacean virus and propose it as a new member ofhe brevidensoviruses. According to the rules of the
arvoviridae Study Group for the International Committee
n Taxonomy of Viruses, which establishes the nomen-
lature for invertebrate parvoviruses (Berns et al., 1995),
e propose to replace the vernacular name, IHHNV, with
. stylirostris DNV (PstDNV), based on the initial recog-
ition of IHHNV in imported stocks of P. stylirostris (Light-
er et al., 1983a). To our knowledge, this is also the first
eport of a putative promoter sequence in shrimp. Other
embers of the Parvoviridae (adeno-associated parvovi-
us, autonomous parvoviruses, and some insect denso-
iruses) have been adapted for use as foreign gene
xpression vectors (Corsini et al., 1996). Future work will
xplore the potential of PstDNV to be adapted as a vector
or foreign gene expression in shrimp cells.
MATERIALS AND METHODS
olymerase chain reaction reagents
Diagnostic primers specific for IHHNV (DiagXotics
nc., Wilton, CT) were used to amplify 1682 bp from the
iral genome with PCR. Additional IHHNV-specific PCR
rimers (Table 1) were designed using the software,
rimer Express Version 1.0 (PE Applied Biosystems).
uantitative PCR was performed using AmpliTaq Gold
NA polymerase and the SBR Green PCR Core reagents
it (PE Applied Biosystems) in the GeneAmp 5700 ther-
ocycler (PE Applied Biosystems). All the amplification
roducts for sequencing were prepared with the rTth
NA polymerase, XL (Perkin–Elmer), which contains
oth 59 to 39 DNA polymerase and 39 to 59 exonuclease
proofreading) activities.
urification of IHHNV virions
Wild P. stylirostris (Holthuis, 1980), caught in Novem-
er 1998 from the Gulf of California and showing no
linical sign of IHHNV infection, were stored at 270°C.
o purify IHHNV particles, six cephalothoraces (total
2 g) were thawed and homogenized in 100 ml of TEN
uffer (20 mM Tris–HCl, 1 mM EDTA, 0.1 M NaCl, pH 7.5)
sing a Cuisinart food processor.
DNA was extracted from 200 ml of homogenate using
the DNAzol reagent (Molecular Research Center, Inc.)
and was tested for IHHNV by PCR using the diagnostic
primers. The resulting amplicon with the expected size of
1682 bp was cloned into the pCR2.1-TOPO vector (InVitro-
gen) to create the plasmid pPCR1.6 and sequenced.
To purify the IHHNV viral particles, isopycnic ultracen-
trifugation was performed using a CsCl gradient. First, 10
ml of shrimp homogenate was diluted with 4 vol of TEN
buffer, clarified by centrifugation at 2000g for 30 min,
and filtered (0.45 mm). CsCl was added to 23 ml of filtrate
to yield a 38.4% (w/w) solution of CsCl, which was cen-
trifuged at 45,000 rpm (170,000g) for 16 h at 20°C in a
Beckman VTi50 rotor. Fractions of 2–2.5 ml were col-
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176 SHIKE ET AL.lected from the bottom and 1 ml of each fraction was
iluted in 50–100 ml of ddH2O. One microliter of each
diluted fraction was tested directly by quantitative PCR
for IHHNV genomes with the primer pair, 86F and 136R
(expected amplification product of 61 bp) (Table 1). Copy
number was determined by comparison of the unknown
sample with a standard curve generated from the ampli-
fication of the positive control plasmid pPCR1.6. The
IHHNV genome-rich fraction was aliquoted and used for
all subsequent experiments.
Determination of viral buoyant density
To determine the buoyant density of IHHNV, a 500-ml
liquot of the genome-rich CsCl gradient fraction was
ubjected to a second round of isopycnic centrifugation
n a solution of either 40 or 41% (w/w) CsCl. Fractions
ere collected from the bottom and their refractive index
as measured with a Brix Refractometer (Fisher Scien-
ific). Each fraction of the gradient was submitted in
arallel to quantitative PCR as described above.
nverse PCR and sequencing
To obtain the sequences flanking the 1682-bp PCR
roduct, we performed inverse PCR (Fig. 2) (Triglia et al.,
988). IHHNV DNA extracted from 100 ml of the genome-
rich CsCl fraction was incubated in the presence of 100
nM random hexamers, 200 mM dNTPs, and 1 U rTth DNA
olymerase in a 50-ml reaction mixture at 94°C for 1 min,
0°C for 10 min, and 72°C for 10 min. To eliminate any
esidual single-stranded viral genome, Klenow fragment
as added to the above mixture and incubated at 25°C
or 25 min. The reaction was terminated with 10 mM
DTA and heating at 75°C for 10 min. This blunt-ended,
ouble-stranded viral DNA was precipitated in isopropa-
ol with 30 mg glycogen, resuspended in 100 ml ddH2O,
and divided into four aliquots for incubation at 37°C for
2 h in 13 universal buffer (Stratagene) with no enzyme or
with one of the following restriction enzymes: StuI, EcoRI,
or PstI. To create circular DNA, the digested DNA was
incubated at 16°C overnight with T4 DNA ligase (Gibco
BRL). Two inverse PCR primer pairs, 1011F and 136R and
1641F and 1148R, were designed based on the sequence
of the 1682-bp PCR product. Amplified products were
visualized on a 1% agarose gel with ethidium bromide
staining. The products are either directly cloned into the
pCR2.1-TOPO vector or gel-purified using a QIAquick gel
extraction kit (Qiagen) and then sequenced. We used the
Escherichia coli strain, INVaF9 (InVitrogen), to propagate
the plasmids. Additional primers were designed based
on the newly obtained sequence and were used to per-
form further inverse PCR (Table 1).
DNA sequence was determined using the Taq
DyeDeoxy Terminator Cycle Sequencing Kit (PE Applied
Biosystems) in the Model 373 A DNA sequencing sys-
tem. Sequencing primers were chosen among the viral-specific primers listed in Table 1. Multiple overlapping
clones or PCR amplified products were sequenced to
verify the sequences and to eliminate sequencing arti-
facts. Overall, we achieved 4–7 times coverage of the
IHHNV ORFs presented here.
Sequence analysis
The restriction mapping and the open reading frame
characterization were done using BCM Search Launcher
(http://dot.imgen.bcm.tmc.edu:9331/seq-util/seq-util.html),
DNA STRIDER (Marck, 1989), and DNA STAR. Sequence
homology was obtained using a Blast 2 sequence similarity
search by Genome Net WWW Server (http://www.genome-
.ad.jp) and processed by MegAlign from DNA STAR. Tran-
scriptional control signals were assessed by Neural Net-
work (PPNN) software (Ohler et al., 1999). The splice site
prediction was done with Genie software (Reese et al.,
1997).
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